The effect of Hg and PCBs (Aroclor 1268) on bone characteristics was investigated in a population of Clapper Rails (Rallus longirostris) inhabiting contaminated and unimpacted estuarine marsh systems in coastal Georgia. Exposure to contaminants did not affect the length or weight of leg bones, but it significantly altered the chemical composition of the bone. Specifically, bone in the contaminated site had a higher Ca to P, and lower carbonate and acid phosphate content. These characteristics are typical of more mature bone mineral and indicate that toxicants have accelerated bone maturation. FTIR spectroscopy data revealed a dose dependent change in the crystallinity of bone mineral, and the relative proportion of specific PO 4 groups in different molecular environments in the bone, with toxicants loads. These changes are most probably related to a hormonal alteration of the rate of bone remodelation induced by exposure to toxicant loads.
Introduction
Bone is a metabolically active calcified tissue in constant remodelation (1) . It is composed of an organic matrix (mainly collagen type I (>90%)) and a mineral component (nanocrystalline carbonate hydroxylapatite) in proportions varying with age and location within the skeleton. Stoichometric apatite has a Ca to P molar ratio of 1.67, while bone mineral is slightly lower mainly due to ionic substitution (Na, Mg, HPO4 (acid phosphate), and CO3 ions). As bone matures, bone mineral becomes more crystalline, its Ca to P ratio increases and its content of carbonate and acid phosphate decreases. Also, there is a progressive decrease in the rate of bone turnover with age. Consequently, the proportion of mature and well-crystallized mineral to newer, less crystalline, mineral varies with time and also with health condition (1, 2) .
Bone mineralization is regulated by a complicated array of feedback processes which can be altered by different genetic, endocrine, and environmental factors, resulting in abnormal or pathological composition of bone (1, 2) . There is an increasing interest in medical (1, 2) and toxicological research (3) (4) (5) (6) (7) (8) (9) (10) related to the factors that alter bone mineralization. From toxicology studies, it is well-known that environmental pollutants (e.g., heavy metals, organochlorines) cause skeletal defects and malformations in laboratory models and wild animals (3) (4) (5) (6) (7) (8) (9) (10) . Recent studies indicate that heavy metals may exert both direct and indirect controls on bone turnover. Hg, Pb, and Cd are nephrotoxic, and are known to affect Ca metabolism; for instance, kidneys produce the active form of vitamin D, which is involved in Ca homeostasis (4) . They can also directly affect bone turnover by altering osteoblast and osteoclast function (5, 11) . On the other hand, bone metabolism is both estrogen-and androgen-dependent (i.e., after menopause or ovariectomy there is accelerated bone loss caused mainly by estrogen deficiency) (7, 9) . Exposure to organochlorines (e.g., DDT, PCB, dioxins), which are endocrine disrupters can negatively affect bone formation and composition (6-7, 9-10, 12-14) . In laboratory experiments, ovariectomized rats exposed to PCBs (PCB 126) resulted in a decrease in bone length and an increase in bone mineral density (7) . In this case, PCB exposure reversed the effects expressed by estrogen deficiency after ovariectomy (i.e., decreased bone density). In other studies, exposure to PCBs showed the opposite effects and produced a decreased bone mineral density and other bone pathologies (e.g., tooth loss) (6, 9, 13, 15) .
Both Hg and the PCB Aroclor mixture 1268 exist in relatively high concentration at a contaminated salt marsh in coastal Georgia in the Brunswick area contaminated from decades of chemical perturbations (16) (17) (18) (19) . Specifically, this contamination has originated from waste disposal from a mercury-cell-type chlor-alkali plant and other industries that were operating at this site in the past (16) . Due to their elevated levels of contamination, the site known as Linden Chemicals and Plastics (LCP) has been classified as a Superfund site. To investigate the proximate and ultimate effects of these co-contaminants on resident organisms in this site ecosystem, Clapper Rails (Rallus longirontris) were chosen for study as this species has well-known foraging habits, strong site fidelity, and relatively small home ranges (typically <5 ha.) (20) . Clapper Rails feed exclusively on benthic organisms in salt marshes, primarily crabs, crayfish, mollusks, worms, and other marine organisms (21, 22) . Through these feeding habits, individuals within the LCP marsh accumulate significant amounts of Hg and Aroclor 1268 associated with sediments (23) .
A previous study of Clapper Rails inhabiting this marsh system showed that females produced eggs having shells that were abnormally thin and brittle, with altered microstructure (24) . These findings suggest that Hg and/or Aroclor 1268 may have affected Ca metabolism. If this was the case, it is highly likely that bone metabolism, which is dependent on Ca-metabolism, was altered as well. The effects of contaminants potentially affecting bone should be more pronounced in newborn hatchlings. Developing and young organisms are typically more sensitive to the toxic effects of pollutants, as well as altricial species, which are often more sensitive than precocial species (4) . To test this hypothesis, Clapper Rail eggs from the LCP contaminated and unimpacted Brunswick sites were collected, incubated, and hatched. Leg bones characteristics (bone dimensions and chemical composition) from hatchlings were compared to evaluate the effects of prenatal exposure to contaminants on bone formation.
Materials and Methods
Two adjacent study areas were chosen for this study:
Contaminated MarshsLCP. This site is a salt marsh contaminated primarily with Hg and the PCB Aroclor 1268 at a high priority Superfund site (Linden Chemicals and Plastics; LCP) in Brunswick, Georgia. At this site, Hg and Aroclor 1268 have been found in elevated levels in the sediments and resident fauna (crabs, fish, birds) (16) (17) (18) (19) 23) .
Reference MarshsBlythe Island. A reference marsh "Blythe Island", located approximately 5 km from the LCP site that was not directly contaminated was chosen as a close analogue to the LCP site based on similar vegetation, tidal influence, tidal creek diversity, and water chemistry (20, 23) . Similarity between sites other than contaminant levels should allow the identification of effects that those contaminants from LCP had on birds.
Clapper Rail eggs were collected from nests from the LCP and Blythe Island locations during the nesting season in March to June 2000. In total 161 eggs (from 21 nests) were collected at LCP site and 90 (from 14 nests) at Blythe Island. They were incubated at 37°C and 95% relative humidity in an incubator (Humidaire incubator separate hatcher, Humidaire incubator Co.) and rotated automatically every 12 h for 21-23 days until hatching. For eggs that did hatch, within 48 h, chicks were observed for behavior abnormalities and then sacrificed and stored in a freezer for later analysis.
Twenty hatchlings each from the LCP and Blythe Island sites were selected for the study. Bones (femur, tibia, and fibula) were removed from one leg of each animal using a scalpel. They were rinsed with MilliQ water, dried overnight in an oven at 40°C, and weighed with a microbalance (M2P; Sartorius). Bone marrow was extracted by cutting each bone lengthwise and physically removing interior material with a scalpel. After cleaning again with Milli-Q water, the bones from each individual were combined and ground with a cryogenic mill (CertiPrep 6750 Freezer/Mill, SPEX).
Whole body concentrations of Hg and Aroclor 1268 were determined for these hatchings in a separated study (23) . Analytical procedures used for the determination of whole body metals and Aroclor 1268 concentrations have been described in detail elsewhere (23, 25) . Shortly, individuals were grounded using a cryogenic mill. A portion of the homogenized sample (100 mg) was used for metals determination and analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Elan 6000, Pelkin Elmer). In the remaining portion, PCBs were extracted using organic solvents and analyzed using a gas chromatograph equipped with an electron capture detector (GC 6890, Hewllet Packard). Identification of congeners was confirmed by mass spectrometric analyses.
The chemical composition of the combined leg bone was determined by ICP-MS and Fourier transform infrared spectrometry (FTIR). For the ICP-MS analyses, 3 mg of bone powder was microwave digested in a 10 mL solution of 10% HNO 3 and 3% H2O2. Ca and P concentrations were measured using an Elan 6000 ICP-MS (Perkin-Elmer). The precision of the chemical analyses was better than 1 ppm. For quality control purposes, standard trace grade solutions containing Ca and P in sample range concentrations were prepared and analyzed after every five samples. All standard solutions were within 5% of the reported values.
For the FTIR analyses, 3 mg of bone powder was mixed with 200 mg of FTIR-grade KBr and pressed under vacuum at 9 metric tons of pressure for 20 min. Infrared spectra were recorded using a FTIR spectrometer (Magna IR 860, Nicolet) at 2 cm -1 resolution over 1024 scans. The amounts of phosphate, carbonate, and organic matrix in bone were determined from the peak area of absorption bands associated with phosphate, carbonate, and amide groups in the infrared spectra ( Figure 1 ). In case of a single molecular group generating several bands, only peaks from the most intense band were used for analyses (e.g., peaks from phosphate band at 900-1200 cm -1 were used rather than those from 500 to 650 cm -1 ). Overlapping peaks were resolved and their integrated areas measured using curve fitting software (Peakfit). This software separated overlapping peaks using a second derivative methodology, allowing for a detailed and quantitative analysis of different molecular constituents of bone mineral. For this methodology, Peakfit software needs to set several parameters. Specifically, for our analyses, peaks were fitted to a mixed Gaussian + Lorentzian function. Peak amplitude and position were allowed to vary within 10% and 10 cm -1 , respectively, while curve shape and width were allowed to vary freely. The degree of smoothing was set at 10% (at the 1200-900 cm -1 band) and 15% (at the 1950-1350 cm -1 band). The number of peaks in each band analyzed was held constant. For the 1200-900 cm -1 and the 1950-1350 cm -1 bands, the number of peaks was seven and four, respectively. Locations of peaks in the two main regions analyzed are shown in Figure 2 .
Even in carefully prepared KBr disks, sample powder is not homogeneously distributed resulting in large variation of absolute peak intensities in the FTIR spectra. To minimize this effect and be able to do quantitative comparison among samples, peak areas were normalized to the area of 3800-2800 cm -1 band region associated with OH groups ( Figure  1 ). The peak area of C-H stretching band was removed from this region. The resulting area ratios are represented by a capital "A", followed by the peak or band position (e.g., A1660, A1405). Alternatively, to evaluate the contribution of individual components, associated to different molecular environments, within a particular region (e.g., HPO4 within the PO4 band region), deconvoluted peak areas were normalized to the relevant band region area from which they derived (e.g., A900•1200). These peak area ratios are designated using "a", followed by the peak position (e.g., a953, a985, a1010). Error in the determination of normalized peak areas was 10% or less. This error was estimated by repeatedly measuring the same sample 10 times.
The following parameters were used to characterize bone composition and crystallinity from FTIR analyses:
The degree of mineralization of bone (mineral) (2) is defined as the mineral to organic matrix ratio and was estimated as follows:
where A1200•900 represent the amount of phosphate in bone and A1660 the amount of amide I groups (main band from bone organic matrix). 
The relative amount of carbonate in bone mineral (minCO3) was calculated as the ratio of the peak area for 1405 cm -1 (A1405; mainly carbonate type B substitution) to phosphate band area (A1200•900) and was calculated as follows:
The crystallinity index (CI) (26) was calculated as the ratio between peak areas at 1030 cm -1 (highly crystalline apatite) to 1010 cm -1 (poorly crystalline apatite):
Basic descriptive statistics were used to characterize bone properties. Analysis of variance (one-way ANOVA) was used to compare bone properties between the two populations to gain insights into the effects of contaminants on bone growth and metabolism. Pearson's correlation analysis and linear regression models were used to study relationships among the different properties of bone and the concentrations of toxicants in whole body analyses to determine how contaminants affect the chemical composition of bone. The level of significance chosen for all analyses was P e 0.05. Prior to these analyses, variables were tested for normality using Shapiro-Wilk statistics. All variables passed the normality test (P > 0.05) with the exception of Hg and PCB concentrations. After a log-transformation, these variables also had normal distributions. All statistical analyses were performed using the software package SPSS 12.0 (SPSS Inc.).
Results
Toxicants Levels at Blythe Island and LCP Site. Table 1 summarizes the toxicant levels reported in Cumbee (23) for sediments, crabs (main food for Clapper Rail), and Clapper Rail hatchlings (used in this study) from the reference (Blythe Island) and contaminated site (LCP). These data show that Aroclor 1268 and Hg are at elevated levels in sediments and fauna in the contaminated marsh ecosystem, and at significantly higher concentrations than in the reference site. All contaminants found at LCP site were also detected at the reference site (though at significant lower levels), indicating that contaminants have migrated to nearby areas. Specifically, Hg and Aroclor 1268 levels in hatchlings are much higher than in sediments or food items, and comparable to those found in adult Clapper Rails (23) . All these results show that toxicants are bioavailable and transferred from parents to offspring.
Bone Properties. Physical parameters and calculated peak areas are reported for leg bones in Table 2 , along with the related ANOVA results. Neither the combined weight (P ) 0.891) nor length (P ) 0.261) of leg bones (femur + tibiae/ fibulae) was significantly different between the two locations, however, important differences in the chemical composition of bones were detected. For instance, the Ca/P ratio was significantly greater in bones from the contaminated site than the reference site. Also, the relative amount of carbonate (minCO3) and acid phosphate (HPO4, estimated from a1118) in bone mineral were significantly lower in bones from the LCP site.
Correlation analyses for the chemical components of bone and whole body Hg and Aroclor 1268 concentrations are shown in Table 3 . This information provides additional insights into processes that affect bone growth and metabolism. Concentrations of Hg and Aroclor 1268 were highly correlated indicating that these toxicants are associated. Additionally, some compositional parameters showed a 
significant correlation with toxicant levels at the contaminated site and none at the reference site. Specifically, at the contaminated site, the crystallinity index of bone was strongly and positively correlated to the Aroclor 1268 load of chicks (R ) 0.697; P < 0.003; N ) 16), indicating that exposure to Aroclor 1268 increased the crystallinity of bone mineral (Table  3 ; Figure 3a ). This is in agreement with the positive correlation between some of the peak areas associated to highly crystalline phosphate (a1030, a1056) and Aroclor 1268 concentration and also with the negative correlation between the peak areas associated to poorly crystalline phosphate (a985 and a1010) and Aroclor 1268 concentration. Other changes related to contamination such as Ca/P ratio, minCO3, and HPO4 content (a1118), which differed among sites, showed no statistically significant relationship to PCBs or Hg concentrations individually. Nevertheless, all observed changes and relationships are consistent and indicated that toxicants are inducing the formation of bone mineral with a composition characteristic of more mature bone (higher Ca/P, lower carbonate and acid phosphate content, increased crystallinity). The same relationships described for Aroclor 1268 were also observed for Hg for the same bone compositional parameters, though correlations with this metal were always lower than with Aroclor 1268 (Table 3) . Additionally, a marginally significant correlation between bone length and Hg concentration was found at LCP site (Table 3) . None of the previously described relationships were observed at the control site for either contaminant.
Discussion
This investigation is part of a larger ongoing study aimed to quantify the impact of contamination on the LCP superfund site using Clapper Rails as an indicator species of the health of this marsh ecosystem (23) (24) (25) 27) . Previous studies, focused on Clapper Rail adults and hatchlings from LCP, indicated that toxicants present in the area have affected individuals at different levels compromising genetic (high incidence of DNA strand breakage in adults), reproductive (eggshell thinning), and hatchling (inability to stand, limb defects) health (23) (24) (25) 27) . The current study on bone characteristics gives additional information on the effect of toxicants present at LCP on the overall health of Clapper Rail populations. The main contaminants in the LCP marsh system, Aroclor 1268 and Hg, were at elevated levels in Clapper Rail hatchlings, well above the action levels of 2 and 1 ppm defined by the U.S. Food and Drug Administration (FDA) for PCBs and Hg, respectively, in fish as a food commodity (28, 29) . Toxicant levels found in biota at LCP area have evolved over time. (16, 19, 23) . Reported values for PCBs in Clapper rail captured at LCP in 1995 were 24.5 ppm, and individuals captured in 2002 were 16 ppm in muscle tissue (wet weight) (19, 23) . Thus, it seems that both Hg and PCBs levels have decreased overtime but levels are still very high. On the other hand, large variations in toxicant levels found in Clapper Rail hatchlings, especially for Aroclor 1268 at LCP, are probably due to spatially heterogeneous distribution of toxicants (17, 19, 23) . In fact, Cumbee (23) showed that the adult Clapper Rails from LCP with the highest Aroclor 1268 levels also had the highest soil Aroclor 1268 levels in their home ranges. Cumbee's home range study was specifically designed to examine this potential phenomenon; however, it should be noted that the eggs collected for this study were not associated with those particular adults to avoid changing female behavior. Regardless, the sample size in that study is robust enough to infer that this would also be the case for the chicks used in this study.
The reference location (Blythe Island) was chosen to determine how ambient levels in the environment compare to those of the perturbated site (LCP site) and if contamination has affected the later. The reference location is representative of the biogeochemistry and physical geography of the focal site, but with toxicants being studied at background levels. One difficulty in choosing a reference site in any estuarine ecosystem is that is almost impossible to avoid all potential toxicants. In fact all the contaminants found at LCP were also detected at lower levels at the reference site and throughout the estuaries in Brunswick (23), most likely transported through movement of silt and sediment from tidal flows. Congener formulation of Aroclor 1268 is quite uncommon, and its presence in the reference site can only be attributed as originating from LCP and can be considered as a marker of origin. The fact that contaminants found at LCP were also detected within the entire Brunswick estuary at lower levels supports the hypothesis that observed deleterious effects to our focal endpoints at the contaminated site were caused by the elevated levels of these contaminants.
Regarding the described effects on bone, it is difficult to know which specific toxicant(s) induced them, especially when they are associated (Hg and PCB co-varied) as in this study. Moreover, toxicant mixtures (e.g., toxicants that were not elevated in biota but present in the LCP system) may influence biokinetics. For instance, other organochlorines (e.g., dioxins) has been detected at significant levels at LCP system (30) . Heavy metals, including Hg, are known to disrupt condrocyte metabolism reducing long bone development (11) . Also, Hg affects calcium metabolism (4) and exposure to Hg may be manifested in bone mineral loss and osteoporosis or osteomalicia (8) . Even though Clapper Rail hatchlings in the LCP system accumulated relatively high levels of Hg, we did not find any difference in length or degree of mineralization of leg bone compared to the control group. Since we did not observe these types of changes, we deduced that Hg levels could be too low to induce these effects. On the other hand, the main detectable effects of contamination on bone were an alteration of its chemical composition and crystallinity. Specifically, bone in the contaminated site had a higher Ca/P ratio, and lower carbonate and acid phosphate content. As described in the Introduction, these compositional changes are typically associated to bone maturation. Additionally, FTIR spectrometry data revealed a dose dependent change in the crystallinity of bone mineral which increased with toxicant levels. This is further confirmed by the observed increase of proportion of highly crystalline phosphate relative to poorly crystalline with toxicant levels. All these observations indicated that contamination has accelerated bone maturation in Clapper Rail at LCP site. This could be due to a reduction in the rate of bone turnover caused by contaminants resulting in a higher amount of mature bone mineral relative to newer bone mineral. Also, a reduction in bone remodeling would reduce the availability of Ca for eggshell formation explaining the eggshell thinning observed in previous studies (24) . Other authors (9, 10) have also associated an alteration of bone remodeling to PCBs exposure. Based on similarity of effects reported for PCBs and stronger correlations of bone compositional parameters with Aroclor 1268 loads, the observed changes can be attributed to a hormonal alteration of bone metabolism induced by exposure to PCBs. In any case, the altered composition and crystallinity is indicative of a pathological condition of bone (1, 2) . Furthermore, to our knowledge, PCBs levels found in hatchling at LCP are higher than any reported value in eggs collected in other contaminated sites and well above levels for observable effects in laboratory tests in chicken embryos (14) . Regardless, we cannot ignore the possibility of a cooperative effect of both Aroclor 1268 and Hg as well as other toxicants (e.g., dioxins) present at lower levels, although exploratory data analysis did not reveal any such associations.
In conclusion, these results indicate that bone in chicks from the contaminated site has matured more rapidly than in chicks from the reference site. This could be due to a reduction in the rate of bone turnover caused by an alteration of bone metabolism most probably caused by Aroclor 1268 or through a cooperative effect with Hg. Finally, in future studies, we will perform controlled dose experiments using Aroclor 1268 and/or Hg to further study the influence of these contaminants on bone metabolism. Also, the same methodology will be applied to quantify the environmental impacts of these or other contaminants on other ecosystems. Last, although this toxicological endpoint must come from sacrificed individuals, in cases such as those at LCP where chicks have toxicological abnormalities, it can advance the understanding of the evolutionary trajectory of effected populations and lend insight into the broader question of whether such systems are ecological traps.
